The modification of microbial membranes to achieve biotechnological strain improvement with exogenous small molecules, such as oligopolyphenylenevinylene-conjugated oligoelectrolyte (OPV-COE) membrane insertion molecules (MIMs), is an emerging biotechnological field. Little is known about the interactions of OPV-COEs with their target, the bacterial envelope. We studied the toxicity of three previously reported OPV-COEs with a selection of Gram-negative and Gram-positive organisms and demonstrated that Gram-positive bacteria are more sensitive to OPV-COEs than Gram-negative bacteria. Transmission electron microscopy demonstrated that these MIMs disrupt microbial membranes and that this occurred to a much greater degree in Gram-positive organisms. We used a number of mutants to probe the nature of MIM interactions with the microbial envelope but were unable to align the membrane perturbation effects of these compounds to previously reported membrane disruption mechanisms of, for example, cationic antimicrobial peptides. Instead, the data support the notion that OPV-COEs disrupt microbial membranes through a suspected interaction with diphosphatidylglycerol (DPG), a major component of Grampositive membranes. The integrity of model membranes containing elevated amounts of DPG was disrupted to a greater extent by MIMs than those prepared from Escherichia coli total lipid extracts alone.
O
ligopolyphenylenevinylene-conjugated oligoelectrolytes (OPVCOEs) are a recently described class of membrane insertion molecules (MIMs) that target the microbial envelope with the specific aim of promoting charge transfer across microbial membranes and which potentially have a range of other biotechnological applications (1, 2) . OPV-COEs are amphipathic molecules consisting of a conjugated benzene ring backbone that is terminated with ionic pendant chains that have an affinity for biological membranes because of the charge distribution and amphiphilic nature of the molecule (see Fig. 1 ). The molecular length of the OPV-COE can be tuned by changing the number of phenylenevinylene units in the backbone, and structural modification of the aromatics can confer a range of properties. For example, fluorination of the central aromatic ring dramatically alters the electrostatic distribution along the aromatic backbone and the hydrophobic and electrostatic interactions that drive aggregation (3) . Modifying the physicochemical nature of biological membranes in order to stimulate desirable features of microbial metabolism using MIMs represents a conceptual departure from current research efforts and is an interesting biotechnological innovation. This emerging field of research, which includes improving charge transfer across microbial membranes and the fortification of the lipid bilayer to counter solvent stress, is currently underexplored, and the technical scope of membrane-modifying MIMs is not yet fully appreciated. Little is understood about OPV-COE interactions at the cellular level; accordingly, opportunities for discovery in this expanding field exist.
Traditionally, MIMs have attracted research interest because of their antimicrobial properties. The predominant antimicrobial mechanism of the cationic peptide magainin, an archetype antimicrobial MIM derived from frogs' skin, lies in its ability to disrupt the natural order of biological membranes, causing pores to form in what typically is regarded as a lethal mechanism common to many MIMs (4, 5) . The microbial membrane represents a barrier between the cytoplasm and the environment, and a porated membrane reduces the cell's ability to maintain osmotic control, which causes cells to die or curtails their growth (5, 6) . Because OPV-COEs, which are essentially MIMs designed for biotechnological purposes, interact with the microbial membrane, it is reasonable to expect that they have the potential to disrupt normal membrane function as well as to enhance it. Therefore, there exists a requirement to characterize the extent to which OPV-COEs perturb microbial membranes.
A recent molecular dynamics study demonstrated a gradient of membrane perturbation caused by OPV-COE insertion into Escherichia coli membranes ranging from moderate, where cells are still viable and can divide, to fatal (3) . The degree of membrane perturbation is correlated with particular molecular features, with the primary determinant of membrane perturbation being the molecular length of the MIM. The more closely the molecular length of the MIM matched the thickness of the phospholipid bilayer, the lower the degree of membrane perturbation (3, 7) . The mechanism suggested for membrane perturbation was the pinching together of the inner and outer leaflets of the phospholipid bilayer by the shorter MIMs. The extent of the hydrophobic mismatch between the molecular length of the MIM and the bilayer thickness and, hence, the degree of membrane perturbation could be mitigated by certain structural modifications of the MIM, in this case fluorination of the central benzene ring of a three-ringed OPV-COE. Additionally, the MIM that perturbed the membrane the least (4,4Љ-bis(4Љ-(N,N-bis(6ЉЉ-(N,N,Ntrimethylammonium)hexyl)amino)-styryl)stilbene tetraiodide [DSSNϩ] ) was shown in a separate study to have the most electrochemical activity; therefore, it had the greatest potential as a biotechnologically useful modifier (1).
It is reasonable to expect that for MIMs to be useful in a biotechnological context, they must be amenable to use with mixed or environmental cultures; therefore, they must be compatible with a variety of organisms. Despite the recent insights into the effects of OPV-COEs on membranes, these data are limited mainly to E. coli K-12 or are based primarily on in silico findings with generic Gram-negative model membranes. Using liposomes to mimic mammalian and bacterial membranes, Wang et al. (8) demonstrated the tendency of a similar class of MIMs, phenylene ethynylene oligomer-conjugated COEs (OPE-COEs), to destroy liposomes composed of E. coli total lipid extract relative to liposomes composed of mammalian lipids. Hence, they effectively demonstrated that there is a degree of specificity governing the ability of MIMs to disrupt model membranes and that this arises directly from differences in lipid composition. By extension, phylogenetic differences in microbial membrane lipid composition also may lead to undefined and complex interactions between MIMs and the microbial envelope at a taxonomic level. However, the biological relevance of both in silico and in vitro systems is unclear, as they lack the complexity of microbial cells and may fail to account for how different features of the cellular envelope govern MIM interactions with the microbial cell.
In this contribution, we examine the response of selected Gram-negative and Gram-positive organisms to three OPV-COE MIMs that have been the focus of previous studies (1, 3, 9, 10) . Furthermore, using a combination of specific deletion mutants along with a model membrane system, we will explore interactions between OPV-COEs and different components of the cellular envelope. This, to our knowledge, represents the first work exploring the activity of OPV-COE MIMs with multiple microbial genera simultaneously while using membrane deletion mutants and model membranes to explore how this particular class of compounds interacts with the microbial envelope.
MATERIALS AND METHODS
Materials. DSSNϩ, 1,4-bis(4Љ-(N,N-bis(6ЉЉ-(N,N,N-trimethylammonium)hexyl)amino)-styryl)benzene tetraiodide (DSBNϩ), and 1,4-bis(4Љ-(N,N-bis(6ЉЉ-(N,N,N-trimethylammonium)hexyl)amino)-styryl)-2,3,5,6 tetrafluorobenzene tetraiodide (4F-DSBNϩ) were synthesized as reported previously (2, 11) . The MIMs used in this study were selected because their biotechnological potential had been demonstrated previously in bioelectrochemical systems and because interesting interactions with microbial cells have been documented (1, 3, 10) .
Organisms and culture conditions. Unless otherwise stated, all cultures were grown overnight from single colonies in LB medium (244620; Difco, BD, USA) with the exception of Enterococcus faecalis, which was grown in brain heart infusion (BHI) medium (256110; Difco, BD, USA). Tetracycline was added at a final concentration of 12 g ml Ϫ1 (Table 1) . Escherichia coli was chosen as a representative Gram-negative organism, and the wild-type laboratory strain (K-12) used in this study was chosen for continuity and compatibility with ongoing work in our laboratory, while W3310 also was used, as this is the parental strain for the deep rough mutant used here (WBB06). Shewanella oneidensis, another Gram-negative organism, was chosen because of its electrogenic character and biotechnological relevance to the MIMs under study. A member of the Bacillus genus, B. megaterium, was selected to represent Gram-positive organisms because its distinctive morphology is experimentally convenient to microscopically distinguish it from other organisms. Finally, E. faecalis was chosen because it is a well-studied Gram-positive pathogen that is genetically tractable with known antimicrobial resistance mechanisms and whose coccoid morphology contrasts with the other organisms in this study. An E. faecalis ⌬dltA-D deletion mutant, which is unable to express D-alanylated teichoic acids in its cell wall, allowing for the role of charge-based interactions with the microbial envelope and OPV-COEs to be explored, was constructed as described below. Even though Staphylococcus aureus dlt deletion mutants exist, it is preferable to limit mechanistic studies of the Gram-positive envelope to a single species, in this case E. faecalis. A summary of the organisms used in this study can be found in Table 1 .
Epifluorescence microscopy. Images of MIM accumulation in E. coli membranes were captured as previously reported (3) .
Construction of E. faecalis OG1X ⌬dltA-D in-frame deletion mutant. In-frame deletion of dltA-D was performed using a plasmid derived from pLT06 (12) . Briefly, flanking regions (ϳ1 kb) from both the 5= and 3= ends of the dltABCD operon were PCR amplified by using the primers indicated. For the construction of the pKS101 plasmid (dltA-D deletion), primers DltP1 (5=-GAGAGAATTCTAAGTGGTATGTCTCGTTATG-3=) and DltP2n (5=-CTCTGGATCCCATTATCATTCACCTCCTAAG-3=) were employed to amplify the region 5= of the translation start site of dltA using the available genome sequence from E. faecalis V583. Primers DltP3 (5=-GAGAGGATCCTAGTTTCAGAAAGGATGGAATG-3=) and DltP4 (5=-CTCTCTGCAGAGTCAATTTCATGTGTGGACA-3=) were used to amplify the region 3= of the translation stop site of dltD. The DltP1 and DltP2 region contained EcoRI and BamHI sites, and DltP3 and DltP4 contained BamHI and PstI sites. Each product was cut with BamHI, religated, and reamplified with primers DltP1 and DltP4 to obtain an ampli- (13) . E. faecalis strain OG1X⌬dlt was generated by following the protocol previously described (14) . Mutants were confirmed by PCR using the primers DltUp (5=-CCT TCTCCAACTACCGCAAC-3=) and DltDown (5=-AATGTCGTACTGCC TGCATC-3=). MIC. MIC tests were carried out using a broth microdilution method as described by Wiegand et al. (15) . Briefly, MIMs were diluted in 2-fold dilution series in LB medium to final concentrations ranging from 0.5 M to 256 M in a 96-well plate. Each well was inoculated with 5 ϫ 10 5 CFU ml Ϫ1 of the respective organism. Experiments were carried out in triplicate. Growth in each well was monitored spectrophotometrically by measurement of the optical density at 600 nm (OD 600 ) over a period of 24 h at 20-min intervals in a Tecan Infinite Pro M200 microplate reader. MIC is defined as the lowest MIM concentration that reduced the growth of bacterial species to Ͻ50% of the appropriate control.
Sample preparation for transmission electron microscopy (TEM). Overnight cell cultures were pelleted at 10,000 ϫ g for 5 min and suspended in phosphate-buffered saline (PBS) to an OD 600 of 1. E. coli K-12 cells were incubated for 15 min in the dark with 5 and 64 M DSSNϩ, 5 M DSBNϩ, and 5 M 4F-DSBNϩ, while E. faecalis cells were treated with 1 M (each) DSSNϩ, DSBN, and 4F-DSBNϩ in the dark for 15 min. Treatment concentrations were selected to be close to but not above their corresponding MIC values (Table 2) , with the exception of DSSNϩ, where values were selected to correspond to biotechnologically useful concentrations (1) and to be close to the MIC of DSSNϩ in E. coli, enabling the comparison of the toxic effects of all MIMs in both E. coli K-12 and E. faecalis using TEM. Following MIM treatment, cells were washed twice with PBS and resuspended to a final OD 600 of 1.
Sample processing for transmission electron microscopy. The bacterial cells were fixed with 7.5 ml of a primary fixative consisting of 1% glutaraldehyde (Agar Scientific, Stansted, United Kingdom) at 4°C for 24 h. After primary fixation, the bacterial cells were washed and postfixed with 1% osmium tetroxide (Ted Pella, Redding, CA, USA) for 2 h. A few grains of potassium ferrocyanide were added to enhance the contrast of the membranous structure within cells. After 2 h, the cell pellets were washed and dehydrated with progressively increasing concentrations of ethanol (25%, 50%, 75%, 95%, and 100%). The dehydration step was enhanced by another two rounds of absolute acetone treatment for 10 min each. Dehydrated cell pellets then were infiltrated with increasing concentrations of araldite 502 (Ted Pella) to acetone at increasing temperatures before being embedded in fresh araldite for 24 h at 60°C. The embedded samples were trimmed with an ultramicrotome (Reichert-Jung, Depew, NY, USA) to approximately 50 to 70 nm. Cut sections then were placed onto a 200-mesh copper grid before being stained with 2% uranyl acetate and postfixed with lead citrate. Stained sections were viewed using a JEOL 1010 transmission electron microscope and captured digitally with a dualview digital camera (Gatan Inc., Werrendale, CA, USA).
Confocal laser scanning microscopy. Eight-chamber slides (product no. 80801; ibidi, Germany) were pretreated with poly-L-lysine. E. coli K-12 and B. megaterium cells were grown overnight in LB medium and diluted in 1 ml PBS to a final OD 600 of 1 and 0.15, respectively. One hundred microliters of the mixture was added to each chamber and left to settle for an hour. Cells next were washed twice with PBS. Twenty l of fresh PBS was left in each chamber, to which 20 l of 2 M DSSNϩ was added. The time-lapse uptake of DSSNϩ by a mixed culture was visualized with a confocal microscope (LSM-780; Carl Zeiss, Germany) using an excitation wavelength of 405 nm and an emission window set from 415 to 700 nm.
Solvatochromic changes in response to phospholipids. Liposomes were prepared using thin-film hydration and extrusion from commercially available E. coli total lipid extracts and E. coli extracts of phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and diphosphatidylglycerol (DPG) (Avanti Polar Lipids, Inc., USA) with increasing amounts of DPG from 10% (wt/vol) to 33% (wt/vol). Briefly, 50 mM lipids was dissolved in chloroform in a round-bottom flask and dried under a constant stream of nitrogen gas. The resulting film was suspended in HEPES buffer and vortexed to a homogenous suspension. An extruder was heated and maintained at 55°C. After this step, the suspension was passed through 400-nm and 100-nm polycarbonate filters sequentially to obtain small unilamellar liposomes. Liposomes were kept at 4°C until use. Liposomes were suspended in PBS (pH Ϸ7.4), treated with 5 M each MIM (DSSNϩ, DSBNϩ, and 4F-DSBNϩ), and subjected to an emission scan at the corresponding absorbance maximum for each MIM (414 to 427, 406 to 428, and 430 to 436 nm for DSSNϩ, DSBNϩ, and 4F-DSBNϩ, respectively). The Stoke's shift was calculated as the difference between the absorbance and emission maximum and compared with that observed for each MIM in PBS buffer alone. Optical experiments were performed in 96-well plates using a Tecan Infinite Pro M200 microplate reader in absorbance and emission scan mode at 2-nm intervals. To rule out concentration-dependent solvatochromic effects, experiments were repeated with 2.5 and 10 M concentrations of each MIM.
RESULTS AND DISCUSSION
The three MIMs used in this study (DSSNϩ, DSBNϩ, and 4F-DSBNϩ; Fig. 1 depicts molecular structures) spontaneously associate with the microbial envelope. This is evident from the representative micrograph of E. coli cells stained with 5 M DSSNϩ (Fig. 2) and consistent with previous reports (2, 3). All three MIMS are thought to reside in the microbial membrane based on well-documented observations of their optical characteristics, which are manifested as blue-shifted emission maxima following association with the membrane compared with the emission maxima in water, along with an increase in quantum yield as evidenced from the high contrast in the micrographs (Fig. 2) (2, 3, 10) . The fluorescent signal from DSSNϩ can be tracked in treated E. coli daughter cells for over 30 divisions (Fig. 2) , suggesting not only the strong interactions between the MIM and the microbial envelope but also that the viability of E. coli is not compromised by treatment with 5 M DSSNϩ. This points to a stable configuration of DSSNϩ in biological membranes and the potential to modify membrane properties over extended periods.
Toxicity. For DSSNϩ, the most well-tolerated MIM, the MIC for both E. coli and Shewanella oneidensis was 64 M, and for E. faecalis and B. megaterium it was 8 and 2 M, respectively (Table  2 ). DSBNϩ and 4F-DSBNϩ are similarly toxic. The toxicity profiles for E. coli K-12, the only organism for which OPV-COE toxicity data exist, are in agreement with other reports (1, 3) . The DSSNϩ MIC for E. coli and S. oneidensis (64 M is approximately 100 mg liter Ϫ1 ) is not particularly high compared to antimicrobial MIMs, some of which can be active at concentrations in the g liter Ϫ1 range, and is roughly double that of magainin (16) (17) (18) . Conversely, the toxicity of DSBNϩ and 4F-DSBNϩ for all organisms and, in particular, Gram-positive organisms (MIC for E. faecalis, Ϸ3 to 6 mg liter Ϫ1 ) is such that these compounds can be considered to have antimicrobial activity that is approaching a clinically interesting range and which is comparable with nisin and traditional ␤-lactams, like penicillin and imipenem (16, 17) . Aside from the differences in the toxicity profile based on the molecular characteristics, there is a difference in MIM toxicity that is determined by an organism's Gram status. E. faecalis and B. megaterium, both of which are Gram-positive organisms, are relatively more susceptible to MIMs than the Gram-negative organisms tested here. This is evident by MICs of 1 M for all OPVCOEs, with the exception of DSSNϩ for both E. faecalis and B. megaterium. The preferential ability of small molecules to disrupt Gram-positive membranes is well documented, and many amphiphilic, cationic peptides, such as the bacteriocins derived from lactobacilli as well as glycopeptides like vancomycin, have an antimicrobial specificity for Gram-positive organisms (19) .
Evidence of membrane damage. TEM images of E. faecalis incubated with 1 M DSSNϩ, DSBNϩ, or 4F-DSBNϩ (Fig. 3) show extensive membrane damage relative to similar incubations with E. coli (Fig. 4) , even though the latter were treated with higher MIM concentrations (5 and 64 M) . The TEM data support the toxicity profiles (Table 2) indicating that Gram-positive organisms are more sensitive to MIMs than Gram-negative organisms. The primary toxic event following MIM treatment is likely the disruption of biological membranes, and this is true for both Gram-positive and Gram-negative organisms, albeit at relatively higher concentrations for the latter. In addition to differences in the absolute MIM susceptibility between Gram types, the mechanism of membrane perturbation appears to be different; Gramnegative E. coli appeared ruptured at the end caps, possibly as a result of osmotic swelling, whereas the cell membrane of the Gram-positive E. faecalis appeared extensively porated and discontinuous in comparison ( Fig. 3 and 4) . However, morphological changes in response to general cytotoxicity, including the effects of the membrane-disrupting antimicrobial peptide nisin on E. faecalis (20) , are well documented and may explain these observations (21) .
Role of OM. There are obvious differences in the cell envelopes of Gram-positive and Gram-negative organisms, and these differences could explain their differential sensitivity to MIMs. Gramnegative organisms have both an outer membrane (OM) and an inner, cytoplasmic membrane separated by a thin, moderately cross-linked peptidoglycan layer. Additionally, the outer membrane of Gram-negative organisms incorporates a negatively charged lipopolysaccharide (LPS) layer that acts as a molecular sieve, impeding the passage of small molecules across the cellular envelope. The protective effect of the Gram-negative OM to certain antibiotics is well documented (17, (22) (23) (24) .
The tight packing of the six fatty acid components of lipid A of the LPS layer is thought to underlie the impervious nature of the Gram-negative OM (23, 24) . A range of E. coli mutants, which have profound defects in the lipid A component of the LPS in the OM, have a phenotype that is described as deep rough. These mutants usually are immobile and susceptible to a number of antimicrobials (22) . It is the lack of a continuous LPS layer that underlies the increased susceptibility of deep rough strains to certain antimicrobials. Accordingly, deep rough mutants have been proposed as useful tools for studying the interactions between antimicrobials and their target organisms (22, 23, 25) . E. coli WBB06 is a mutant deficient in heptosyltransferase I (rfaC) and II (rfaF), which expresses a truncated lipid A inner core and has a typical deep rough phenotype (22) . WBB06 did not differ in sensitivity to DSSNϩ, DSBNϩ, or 4F-DSBNϩ from its parental strain, E. coli W3110 ( Table 3 ), suggesting that the LPS layer is not the main protective element in differentiating Gram-negative and Gram-positive susceptibility to the MIMs used in this study. While molecules of Ͻ600 Da can easily pass through the LPS layer, the molecules tested here are in the range of 1,389 to 1,491 Da; therefore, the linear topology of the OPV-COEs likely explains the ease with which they can penetrate the LPS layer (25) . Role of surface charge. In a mixed culture of E. coli and B. megaterium treated with 5 M DSSNϩ, the larger (Ͼ10 M) Gram-positive B. megaterium preferentially accumulated DSSNϩ (Fig. 5) , suggesting that the cell wall did not significantly hinder the uptake of this MIM. Gram-positive organisms lack an outer membrane and have a characteristically thick and highly crosslinked peptidoglycan layer and only a single cytoplasmic membrane. In contrast to Gram-negative organisms, the negative charge of the Gram-positive cell envelope results predominantly from teichoic acid and anionic phospholipids. The anionic nature of certain phospholipids is thought to govern the interaction between microbes and some cationic antimicrobial peptides (26) . Therefore, it is possible that the charged components, or rather the distribution of charge, throughout the Gram-positive envelope drives the preferential uptake and the susceptibility of Gram-positive organisms to the MIMs used in this study. Fig. 4 ). This micrograph shows that membrane disruption is a key mode of action for these compounds and that Gram-positive membranes are more extensively damaged by MIM insertion than are those from Gram-negative organisms. These observations are supported by the MIC tests (Table 2) .
Aminoacylated phospholipids.
Altering the surface charge of the microbial envelope, in particular the cytoplasmic membrane, is a well-known mechanism whereby organisms can elaborate resistance to certain antimicrobials by diminishing the magnitude of charge-based interactions (26, 27) . The multiple peptide resistance factor (mprF) virulence factors in Staphylococcus aureus and Enterococcus faecalis modulate the aminoacylation of the lipid phosphatidylglycerol (PG) to lysylphosphatidylglycerol (L-PG) and a number of other aminophosphatidylglycerols (26) . The addition of the cationic L-lysine to the head group of the anionic lipid PG by mprF causes the net surface charge of the cytoplasmic membrane to become more positive, which repels certain cationic peptides, such as the human ␤-defensins, and confers resistance to a number of antimicrobial compounds which target the cellular membrane of Gram-positive organisms (26, 28, 29) . There are two known paralogs of mprF in E. faecalis, mprF1 and mprF2. mprF2 appears to be more important in mediating the aminoacylation of PG than mprF1; hence, mprF2 deletion mutants are more susceptible to human ␤-defensins (26) (27) (28) (29) .
In this study, mprF1 and mprF2 deletion mutants of E. faecalis OG1RF were not differentially susceptible to either DSSNϩ, DSBNϩ, or 4F-DSBNϩ; therefore, the mechanistic interaction of these compounds with Gram-positive cellular membranes is different from the electrostatic interactions that characterize how cationic peptides such as ␤-defensins interact with these organisms. Furthermore, the interaction between OPV-COE MIMs and the microbial membrane is not likely to be mediated by PG, as curtailing the organism's ability to alter its properties, i.e., the charge of the normally anionic lipid by aminoacylation, does not change the MIC of these compounds. L-PG expression by E. faecalis has been documented under growth conditions identical to those used in this study, as has the lack of resistance to human ␤-defensins in ⌬mprF strains through their inability to aminoacy- a E. coli WBB06 is a deep rough strain with a defective lipid A core caused by the deletion of genes encoding heptosyl transferase I (rfaC) and II (rfaF) and its parental wild type (E. coli W3110). E. faecalis OG1RF ⌬mprF1 and OG1RF ⌬mprF2 have limited ability to aminoacylate phosphatidylglycerol; thus, the extent to which they can modify the net charge of the cytoplasmic membrane is diminished. E. faecalis OG1X ⌬dltA cannot modify the D-alanation of teichoic acids; therefore, it has a limited ability to modify cell wall charge. The vancomycin-resistant E. faecalis V583 has a modification in the pentapeptide chain of lipid II, affecting interactions between small molecules and the microbial envelope.
late PG (26) . Because of this and the lack of a phenotype for all of the compounds tested in this study, confirmation of L-PG expression was deemed unnecessary and was not undertaken. Teichoic acids. An additional charge modification of the Gram-positive microbial envelope is conferred by the dlt operon that mediates the D-alanylation of lipoteichoic acids in the Grampositive cell wall (30) (31) (32) . Like the aminoacylation of PG, the incorporation of D-alanine into the cell wall confers resistance to a number of antimicrobial peptides, including nisin, polymyxin B, and colistin (26, 32, 33) . The MICs of the dltA-D deletion mutant of E. faecalis OG1X were almost identical to those of the wild type (4, 1, and 0.5 M for DSSNϩ, DSBNϩ, and 4F DSBNϩ, respectively; Table 3 ). The inability to resist both colistin and nisin has been demonstrated in ⌬dltA mutants of E. faecalis 1230 in rich medium under growth conditions almost identical to those used in this study, and the absence of D-alanine was shown by nuclear magnetic resonance. The lack of a phenotype being observed for either DSSNϩ, DSBNϩ, or 4F-DSBNϩ with the ⌬dltA mutant indicates that the role of surface charge in OPV-COE membrane interactions is minor.
Hydrophobic interactions. Although both PG and DPG are anionic, the increased susceptibility of Gram-positive organisms, which contain a large amount of DPG in their cellular envelope, compared to that of Gram-negative organisms to OPV-COEs is not likely to be governed by charge-based interactions, as shown by the study with mprF and dlt deletion mutants of E. faecalis. Additionally, for DPG-mediated membrane disruption, it has been shown that the interaction is more complex than the molecules simply having opposing charges (34) . Taken together, the evidence with E. faecalis ⌬mprF and ⌬dltA (Table 3 ) mutants, along with the preferential uptake of OPV-COE MIMs by a Grampositive organism, B. megaterium, relative to E. coli suggests that the interactions between DSSNϩ, DSBNϩ, and 4F-DBSNϩ and the cellular envelope are of a hydrophobic nature rather than an electrostatic one (30, 33) .
Role of phospholipids. The main phospholipids in microbial cell membranes are PG and PE. The anionic lipid DPG is a minor component (Ͻ5%) of Gram-negative membranes but a major component of Gram-positive membranes (35) (36) (37) (38) . It is reasonable to assume that the main effects underlying the interactions between MIMs and the cytoplasmic membrane are driven by major membrane components. The role of PG in mediating the interaction between the MIMs is not likely to be of a significant magnitude, as there was no difference in the sensitivity to OPVCOEs of E. faecalis mprF mutants, which express L-PG. In this aspect, it is likely that a specific interaction between DPG and OPV-COEs exists, as DPG is a major component of Gram-positive cellular membranes.
The optical properties of DSSNϩ, DSBNϩ, and 4F-DSBNϩ are dependent upon the polarity of their environment, and both the absorbance and emission characteristics change in response to solvation state and concentration, the latter being driven by the extent of aggregation (38, 39) . The solvatochromic response to decreasing solvent polarity for OPV-COEs is negative; hence, it is manifest as a blue-shifted emission spectrum which can also be expressed as a decrease in the Stoke's shift relative to emission spectra in water. The solvatochromic behavior of OPV-COEs has been used successfully to confirm the uptake of these MIMs into microbial membranes and also their perpendicular arrangement to the bilayer plane in vesicles composed of mammalian lipids (40) . The optical characteristics of lipid soluble chromophores (e.g., Laurdan) are used routinely to assess membrane characteristics, such as lipid order, that are indicative of bilayer perturbation in model and in vivo systems (41) .
In large unilamellar vesicles (LUVs) prepared from E. coli total lipid extract and treated with DSSNϩ, DSBNϩ, and 4F-DSBNϩ, there was a marked negative solvatochromic effect, manifest as a smaller Stoke's shift (84 to 88 nm) compared with that determined with OPV-COEs in polar buffer alone (131 to 170 nm) ( Table 4) . The negative solvatochromic effect, indicative of tight membrane packing, was largely conserved in LUVs prepared from 9:1 PE:PG, with Stoke's shifts ranging from 71 to 86 nm (Table 4) . However, in LUVs containing a large proportion of DPG (1:1:1 PE:PG: DPG), the negative solvatochromic effect was diminished for all MIMS, with the exception of DSBNϩ, which remained largely unchanged in response to lipid content. The Stoke's shift was 118, 84, and 94 nm for DSSNϩ, 4F-DSBNϩ, and DSBNϩ, respectively (Table 4 ). An increase in Stoke's shift can be interpreted as being indicative of an increase in solvent polarity of the OPV-COE medium, which is consistent with membrane damage either from the formation of pores or water channels, disordering of the acyl chains, or destruction of the membrane bilayer. Taken together with the MIC tests ( Table 2 ) and the micrographic evidence of membrane damage (Fig. 3 and 4) , the data presented here suggest there are lipid-based drivers governing the interactions between OPV-COEs and the microbial envelope which underlie the differential sensitivity of Gram-negative and Gram-positive organisms to these compounds.
Mechanisms. Nisin is an amphiphilic broad-spectrum cationic antimicrobial peptide produced by Streptococcus lactis that is active against Gram-positive bacteria and which has been widely used in the food industry since the 1960s (2) . Microbes that have acquired resistance to nisin have bulk changes in their membrane phospholipid head group composition and have been shown to contain less DPG than their wild-type counterparts. Furthermore, the importance of DPG content in antimicrobial susceptibility has been demonstrated using model membrane systems (20, (42) (43) (44) (45) . Additionally, apoptosis in mitochondria has been shown to be inextricably linked to DPG and its affinity for cytochrome c, with the DPG content increasing from Ϸ4% to in excess of 20% immediately prior to apoptosis (45) (46) (47) . Therefore, the increased content of DPG in Gram-positive microbial membranes likely underlies the sensitivity of Gram-positive organisms to OPV-COEs.
Nisin interacts with the lipid precursor, lipid II, and can have up to a 700-fold increase in activity against active cells compared to protoplasts, an observation attributed to a general low-affinity permeability interaction with DPG and a targeted lipid II-dependent poration mechanism (46, 47) . It is unlikely that a similar lipid II-dependent mechanism exists with OPV-COEs, as it is an interaction driven by a specificity with the D-Ala-D-Ala pentapeptide chain that stabilizes the lipid II molecule, and no such specific binding site exists on OPV-COEs. Furthermore, the MICs (8, 1, and 0.5 M for DSSNϩ, DSBNϩ, and 4F-DSBNϩ, respectively) of vancomycin-resistant strains of E. faecalis (VRE V583; Table 3 ), an organism whose antimicrobial resistance properties are conferred via mutations in pentapeptide of lipid II, were almost identical to those of nonresistant strains (16) .
The exceptionally large (Ͼ1) critical packing parameter of double-headed DPG makes it prone to disruption by MIM insertion (16, 19, 34) . DPG has a conical cross section, because the acyl chains have a larger cross-sectional area than the phosphate head group. The thermodynamics of this geometry is disrupted by MIMs to a greater extent than it is for lipids which have a smaller critical packing parameter (Ͻ1) than DPG and a more accommodating cylindrical or inverted cone cross section that has less energetic resistance to tighter packing (48) . Kumar has shown that the lipid lamellar phase is maintained only at a critical packing parameter of around 0.74 and that deviations from this can destabilize membranes (49) . Furthermore, the larger size of DPG means that there will be fewer intramolecular spaces for MIMs to occupy, and local concentrations of MIM may be higher in the intermolecular spaces of DPG for a given surface area than for single-head phospholipids. In short, the geometry of DPG causes it to have a preference for negative curvature, and when it exists in a planar bilayer, it is more prone to undergo conformational changes in response to perturbations, an assertion which is supported by the solvatochromic effects observed with model membranes (Table 4) (38, (47) (48) (49) .
This study points toward a specific DPG-destabilizing effect of MIMs, a finding that has a clear explanation and precedence, both in the membrane-perturbing mechanism of nisin and in mitochondrial apoptosis. The MIMs used in this study perturb membranes via a hydrophobic mismatch between the length of the lipid acyl chains and the length of the MIM (3, 7) . Therefore, it is likely that in addition to the interaction with DPG, there also exists molecular-scale interaction between the acyl chains, further bolstering the idea of a predominantly hydrophobic interaction of this class of compounds. Because OPV-COE activity is driven mainly by a hydrophobic interaction with lipids, they are ideal compounds to study with simple model systems, including molecular dynamics simulations. Therefore, with a specially selected mutant library (that must include mutants deficient in lipin synthases), a powerful platform to assess membrane interactions could be developed that will allow the informed development of biotechnologically useful MIMs. Focusing on the membrane does not rule out secondary toxic mechanisms, and future studies need to ascertain the role of secondary targets in MIM sensitivity. It is essential that future studies include a variety of organisms, including anaerobes, to assess the generality of the findings in this paper. Finally, future work should not ignore the antimicrobial properties of DSBNϩ and 4F-DSBNϩ or the interesting observation that they circumvent common resistance mechanisms in E. faecalis (i.e., mprF, dlt, and lipid II). Previous studies have offered evidence for the modification of microbial membranes using a certain class of MIMs, OPV-COEs. This study is, to our knowledge, the first to investigate the compatibility of this emerging class of compounds with a number of microbes. We have shown that the proposed use of MIMs to modify the properties of microbial membranes is feasible, because a stable configuration of at least one MIM (DSSNϩ) in microbial membranes is possible. However, OPV-COEs are inhibitory to Gram-positive microbes, and TEM analysis has shown the likely mechanism lies in their tendency to damage cell membranes. Therefore, the current format of the MIMs used in this study is not compatible with Grampositive organisms, and designing compounds for this purpose represents a research opportunity.
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